Interdiffusion coefficients of the refractory elements in Ni-X-Y (X, Y ¼ W, Re, Ru, Al) ternary systems, which are the fundamental systems of Ni-based superalloys, were estimated by a series of experiments using diffusion couples. The modified ternary Boltzmann-Matano method was employed for analyzing the experimental data. The cross interdiffusion coefficients were smaller than the main interdiffusion coefficients in all systems. Especially, the cross interdiffusion coefficientD D Ni ReRu is much smaller by an order of magnitude than the main interdiffusion coefficientD D
Introduction
In order to increase the strength of Ni-based superalloys at elevated temperatures, refractory elements such as W and Re are added to them. 1, 2) But an excess amount of refractory elements leads to the formation of the brittle TCP (topologically close-packed) phases, 3) resulting in shortening of the creep rupture life. On the other hand, it is well known that Ru suppresses the formation of the TCP phases phenomenologically, but the mechanism is still not clear. 4) Diffusion coefficients in multi-component alloys are known to correlate with the thermodynamic interaction parameters of the component atoms. 5) Thus it is important to examine the diffusion of alloying elements in superalloys 6) in order to make it clear the behaviour of these elements in the alloys. But there is no available data on diffusion of multicomponent systems containing Ru at the present moment, even in Ni-Al-X (X: Re, W, Ru) ternary systems, which are the most important fundamental systems of Ni-based superalloys. As mentioned above, the alloying behaviour of Ru in nickel-based superalloys has open to debate. Thus the examination of the diffusion coefficients of Ru, Re and W in Ni-Ru-X (X: Re, W) ternary system is also important in order to discuss the thermodynamical interaction between Ru and the refractory elements in Ni alloys.
The purpose of this study is to measure the diffusion coefficients of Ru, Re and W in Ni-X-Y (X, Y: Re, W, Ru, Al) ternary systems, which are the fundamental systems of Ni-based superalloys.
Theory
In this study, the modified ternary Boltzmann-Matano method was adopted to estimate the interdiffusion coefficients. This method enables to calculate the interdiffusion coefficients without determination of the Matano plane, and hence the diffusion coefficients of multi-component alloys can be estimated with accuracy. 7) According to Whittle et al., 8) interdiffusion coefficients relate to the experimental values obtained from the concentration profiles as the following equations. Here, the superscript symbol k represents the host element, i.e. Ni in this case. These diffusion coefficients represent the diffusivity of the solute elements, i and j, in the host element k. C i is the mole fraction of i element, and C þ i and C À i are the values of the mole fraction at the positions, x ¼ þ1 and x ¼ À1 (corresponding to the two terminal alloys), respectively. The duration for interdiffusion is denoted by the symbol t.
From eqs. (1), (2) and (3) adopting the experimental data obtained from the two different diffusion couples composed in the same alloying system, we can calculate the interdiffusion coefficients at the chemical composition of the cross point of the two different diffusion paths which are obtained by tracing the concentration profiles measured from the two diffusion couples on the isothermal phase diagram of the employed ternary system.
Experimental Procedure
Pure Ni, Ni-5Al, Ni-8Al, Ni-5W, Ni-5Re, Ni-8Ru, Ni5Al-5W, Ni-5Al-5Re, Ni-8Al-8Ru, Ni-8Ru-5W, and Ni8Ru-5Re (mol%) were arc-melted using 4N Ni, 4N Al, 2N W, 2N Re and 3N Ru into the button shape ingots in high purity argon atmosphere. The compositions of the ternary alloys are selected so that the alloys are in the solid solution state at 1250 C. The compositional homogenization and grain growth in each specimen cutting from the ingots were accomplished by cold rolling followed by annealing at 1250 C. Diffusion couples were prepared in the following way. Surface of the plate sample was mechanically ground using the emery papers followed by polishing using 0.25 mm diamond slurry, and then the sample was washed in acetone with an ultrasonic cleaner. The diffusion couples were assembled as shown in Table 1 . These couples were held tightly with molybdenum holders. At that time, alumina fibers were sandwiched between the samples of the couple as a marker indicating the initial interface.
Each diffusion couple was encapsulated in a quartz tube with argon and annealed at 1250 C. The duration employed in each diffusion couples are also listed in Table 1 . After this annealing, the section of each diffusion couple was examined with a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDX) so as to measure concentration profiles across the diffusion interface. The origin of the concentration profile is set at the position of the alumina fiber.
Results and Discussion

Concentration profiles and diffusion path
As the representative examples, the solute concentration profiles obtained from the diffusion couples are shown in Fig. 1 for Ni-Ru-W system and in Fig. 2 for N-Ru-Re system. The profiles exhibit sigmoidal curves without any discontinuity, indicating that the atomic diffusion occurred in the solid solution region of each alloying system. The diffusion paths can be obtained by replotting the data of Figs. 1 and 2 into the Gibbs triangle. The results are shown in Figs. 3 and 4 , respectively. The chemical composition obtained from the cross point of the two diffusion paths was Ni-4.0Ru-2.6W (mol%) in Ni-Ru-W system and Ni-3.8Ru-2.6Re (mol%) in Ni-Ru-Re system. In a similar way, chemical composition at the cross point was obtained in each alloying system employed in this study. The results are summarized in Table 2 . The composition at the cross point was used for calculating interdiffusion coefficients by the modified Boltzmann-Matano method as will be shown in the next section.
Interdiffusion coefficients
On the basis of the modified ternary Boltzmann-Matano method represented by eqs. (1), (2) and (3), the interdiffusion coefficients were obtained in the following way. Firstly, Y i values are calculated using eq. (3) from the experimental data on the concentration profiles and then they are plotted against x. Also, the relationship between C i and C j was obtained from the experimental data. Secondly, in order to obtain suitable functions representing the Y i À x profile and the C i À C j profile, the least square fitting was carried out. Thirdly, both the derivative terms and the integration terms in eqs. (1) and (2) were calculated using the functions determined by the least square fitting. Here, the x value as the integration range of eqs. (1) and (2) was determined from the composition at the cross point of the two diffusion paths. The procedure using the data obtained from the two different diffusion couples gave a set of simultaneous equations. Then the interdiffusion coefficients were obtained by solving the simultaneous equations. The calculated results are shown in Table 2 . The values in the table are the interdiffusion coefficients at the compositions of the cross points of the diffusion paths in the solid solution phase. Table 2 Chemical composition of the cross point of diffusion paths and interdiffusion coefficients in each alloying system.
System
Cross point (mol%) 
Variety of coefficients
Interdiffusion coefficient,D D Ni ij /m 2 s À1 Ni-Al-W Ni-2.7Al-3.3WD D Ni
Effective interdiffusion coefficients
Dayananda and Behnke introduced the effective interdiffusion coefficientD D eff i , 9) and this is defined in a ternary system as the following equation,
This means the sum of the main interdiffusion coefficient and the cross interdiffusion coefficient weighted by the proportion of concentration gradients, i.e., the effective interdiffusion coefficient involves the effect of cross interdiffusion coefficient. The effective interdiffusion coefficients in each diffusion couple of this study are summarized in Table 3 . Also, interdiffusion coefficients reported previously in Ni-W, Ni-Re and Ni-Ru binary systems are shown in Table 4 . 10, 11) Comparing the results on the refractory elements in Table 3 to those in Table 4 , it can be said that the effective interdiffusion coefficients of both W and Re are similar to those of the binary interdiffusion coefficients. This fact suggests that the cross interdiffusion coefficients of the two refractory elements are smaller than the main interdiffusion coefficients. In other words, the effect of Al or Ru on the diffusivity of both W and Re in Ni is small. In particular, the effect of Ru on the diffusivity of Re in Ni,D D Table 2 .
According to the work done by Kirkaldy et al. the relationship between the major interdiffusion coefficient and the cross interdiffusion coefficient can be expressed by the following equation if the alloy is assumed as a dilute solution.
where " i j is the Wagner's interaction parameter between i and j elements. The fact thatD D
Ni
ReRu is much smaller thanD D Ni ReRe implies that the thermodynamic interaction between Ru and Re is negligible. Therefore, it can be concluded that Ru scarcely changes the distribution behaviour of Re into the and the 0 phases, although the influence of Ru on the distribution of the refractory elements in nickel-based superalloys was a matter of debate.
Conclusion
The interdiffusion coefficients in the solid solution phase of Ni-X-Y (X, Y: Re, W, Ru, Al) ternary systems as the fundamental systems of Ni-based superalloys were evaluated by a series of experiments.
The interdiffusion coefficients obtained in this study are summarized in Table 2 . In these ternary systems, the cross interdiffusion coefficients of refractory elements (W, Re) were smaller than the main interdiffusion coefficients. In particular,D D Table 4 Interdiffusion coefficient in binary system. Ni-xW (0 < x < 3:4) 7:1 Â 10
À15
Ni-xRe (0 < x < 3:4) 1:5 Â 10
Ni-xRu (0 < x < 6:06) 9:0 Â 10 À15
